We investigated the contractile response of isolated rabbit middle cerebral artery (MCA) segments to electrical field stimulation (EFS). The 
Neurogenic EFS-mediated contraction of the rabbit middle cerebral artery (MCA) has recently been reported. 19 In this study, this contraction is compared with the EFS contraction of the main side branch of the central ear artery (MSB) -a peripheral artery of comparable size that contains a classical adrenergic neuroeffector mechanism.20 Although the EFS contraction of the MCA is resistant to the effects of antagonism of individual putative neuroeffectors, it is antagonized by procedures or agents that, in combination, block NPY-mediated and a-adrenoceptormediated contractions. Our findings suggest that EFS contraction of the rabbit MCA is a complex response mediated by the release of both NE and NPY from adrenergic nerves.
Materials and Methods
New Zealand White rabbits were injected with heparin (1,000 units/kg i.v.) and sodium pentobarbital (30 mg/kg i.v.) and killed by exsanguination. The brain was removed and placed in ice-cold physiological salt solution (PSS), and the MCA was dissected free from the brain surface. The MSB was dissected from the ear, and surrounding connective tissue was removed. The PSS was composed of (mM) NaCl 130.0, KCl 4.7, KH2P04 1.18, MgSO4 1.17, NaHCO3 14.9, EDTA 0.026, CaCl2 1.6, and dextrose 11 and was aerated with 95% 02-5% C02. Segments of the proximal end of the MCA and the MSB approximately 1.2 mm in length were mounted on 34-,um tungsten wires and placed in small-vessel myographs21 maintained at 37°C. Tissues were allowed to equilibrate for 1 hour, during which time buffer was changed every 20 minutes. Preliminary active force determinations with histamine established 100 mg as optimal rest tension. Tissue maximal responses were determined by the addition of histamine (100 ,uM) and KCl (89 mM). Vascular endothelium was removed by gentle rubbing of the vascular intima with a 30-,m wire or by treatment with the a-toxin of Staphylococcus aureus (0.3 ,ug/ml) for 1 minute. Preliminary studies were performed with a-toxin to determine optimal conditions for endothelium removal. The completeness of endothelium removal was assessed by loss of response to acetylcholine (1 ,uM) and confirmed by scanning electron microscopy (see below). Antagonists were incubated with the arterial segments for 20 minutes before testing.
Tissues were field-stimulated with pulses from a stimulator (model S48, Grass Instrument Co., Quincy, Mass.) using platinum electrodes that were mounted in the myograph parallel to the long axis of the segment and separated from it by 0.5-1.0 mm. EFS responses were determined using biphasic square pulses at voltages just below breakthrough (1 V) at a frequency of 16 Hz and a pulse width of 0.3 msec. Breakthrough voltage was defined as the lowest voltage producing contraction in the presence of tetrodotoxin (3 x 10-7 M).
Surgical Denervation
Surgery was performed under sterile conditions on 28-day-old rabbits anesthetized with a mixture of ketamine hydrochloride (40 mg/kg) and xylazine hydrochloride (10 mg/kg i.p.). Through a medial incision made in the neck, either the right or left superior cervical ganglion as well as the cervical sympathetic trunk was removed. The incision was closed with sutures, and the rabbit was returned to the animal care facility for 3-4 weeks before the day of the experiment. Completeness of denervation was confirmed by absence of contractile response to EFS and loss of perivascular catecholamine histofluorescence.
Histofluorescence
Segments of artery were incubated for 1 hour at room temperature in glyoxylic acid (2%) in phosphate buffer (0.1 M) at pH 7.0.22 After being rinsed in PSS, the vessels were mounted on glass slides, dried at room temperature, and then placed in an oven at 100°C for 4 minutes. Tissues were covered with mineral oil and coverslips and viewed using fluorescence microscopy.
Electron Microscopy
The chromaffin reaction method of Gibbins23 was used to identify catecholamine-containing vesicles. Segments were immersion-fixed in glutaraldehyde (2.5%) and paraformaldehyde (1.5%) in sodium chromate/potassium dichromate (0.1 M), pH Results 
EFS Response
Representative tracings of EFS-mediated contractions of MCA and MSB are shown in Figure 1 . The EFS contraction of the MCA displays several characteristics that distinguish it from the EFS contraction of the MSB. These will be discussed below.
Results are expressed as mean±SEM. the MCA was variable: in about one third of the preparations tested (total n =50 artery segments), the contraction began rapidly, with a latency of 2.7+0.5 seconds; in another third of the preparations, the latency was longer, 20.5+3.9 seconds (Figure 1 , insert A). In the remaining segments, an initial contraction was followed by a plateau or relaxation phase before contraction began again ( Figure 1 , insert B); latency for the second contraction was 37.8±1.9 seconds. In the MSB, contraction began very shortly after initiation of the stimulus; latency was 0.95±0.17 seconds (n=4 segments).
Dependency on stimulus train length. Variation of the length of the stimulus pulse train resulted in varied time courses of contraction after termination of stimulation ( Figure 2 ). Tissues promptly relaxed on cessation of stimulation, and with longer periods of stimulation, the level of wall force was promptly regained. However, when the duration of stimulation was short (30 seconds), the level of regained tone was more modest. The preparations shown in Figure 2 displayed a transient relaxation at the termination of stimulation. This relaxation was not present in all preparations and will be described further below. In the MSB, tissues promptly relaxed to baseline on termination of stimulation regardless of stimulation train length ( Figure 1 ).
Time course of tone development. The time course of contraction of the MCA was much slower than that of the MSB. In tissues stimulated to equilibrium contraction (e.g., the tracings in Figure 1 ), the average time to plateau in the MCA was 2.7±0.19 minutes (range, 1.0-3.9 minutes, n=21 segments), and in the MSB it was 20.8±2.6 seconds (n=5 segments).
Response at termination ofstimulation. In the MCA, when the stimulus was withdrawn, a small relaxation notch was commonly observed. This was usually followed by a period of maintained tone before the tissue began to gradually relax. In only a small number of segments (-13%) did the tissue relax promptly at the termination of the stimulus. The time course of response after stimulation was studied in a group of MCA segments that were stimulated for a fixed interval (1.5 minutes). The times of contraction, plateau, and return to baseline are given in Figure 3 . 
Effects ofAntagonism of Specific
Neuroeffector Transmitters Conditions were established that blocked or prevented contractions to the exogenous application of putative transmitters. These conditions were then used to test for the possible involvement of such substances as neurotransmitters by recording the effect of these conditions, if any, on the EFS contraction.
Adrenergic. The EFS contraction was blocked by the adrenergic neuron-blocking drug guanethidine (5 x 10-6 M). Unilateral removal of the superior cervical ganglion eliminated the response in vessels taken from the ipsilateral side while the response was maintained in vessels from the intact contralateral side (data not shown). Possible involvement of NE in the EFS contractions was examined using the aladrenoceptor antagonist prazosin and the irreversible antagonist PBZ. Concentration-response experiments have suggested that NE interacts with two types of receptors on the rabbit MCA: a-adrenoceptors, which mediate contractions at NE concentrations of 10-`M or less, and extraceptors, which mediate responses at NE concentrations of 10`M or more.24 Prazosin (10-5 M) and PBZ (5-100 nM) were used to block the a-adrenoceptor-mediated responses, and PBZ (0.5-1 ,uM) was used to antagonize contractions to NE at concentrations up to and including 3 mM ( Figure 5 ). Treatment with these agents had no significant effect on the EFS contraction (Table 1) .
Nonadrenergic. The effects of procedures that antagonized contractions of the MCA to the putative neuroeffectors NPY, serotonin, and histamine were examined in the MCA. Antagonism of NPY and serotonin contractions was achieved through desensitization of the response: NPY (10`M) or serotonin (10-`M) was repeatedly applied until the contractions were eliminated. Responses were usually blocked with two to four applications of the agonist, each of several minutes' duration. An example of NPY desensitization is given in Figure 5 . The contraction to histamine was antagonized with the histamine H1 receptor antagonist pyrilamine (3 x 108 M). contraction was affected in that the developed force decreased at the termination of stimulation instead of remaining maintained (see Figure 6 ).
In addition, the purinergic P2 agonist a,3-methy- NPY and desensitization to NPY had no effect on the contraction to NE ( Figure  5 ). The elimination of the EFS contraction by these combined treatments was observed regardless of the order of their application.
Morphology
Electron microscopic examination of sections of the MCA showed neuronal elements present in the adventitia of the artery (Figure 7 ). Neural varicosities cence microscopy revealed a network of fluorescent fibers. In rabbits whose superior cervical ganglia had been surgically removed, fluorescence was absent in the denervated side but was present in the intact side (data not shown).
Discussion
This investigation has shown that the EFS-induced contraction of the rabbit MCA is associated with a sympathetic adrenergic mechanism. The contractile response is distinct in several aspects from the EFS Lw 4Y9 A FIGURE 7 . Electron micrograph of chromaffin-fixed section of rabbit middle cerebral artery. Section shows presence ofadrenergic nerve profiles containing small granular vesicles (small arrows) as well as large electron-dense vesicles (large arrows). Bar, 0.5 gin. Van Our findings demonstrate that the EFS contraction is a result of stimulation of sympathetic nerves and is associated with an adrenergic mechanism: it was antagonized by tetrodotoxin and the adrenergic neuron-blocking drug guanethidine. It was eliminated by chronic cervical sympathectomy and by prazosin or PBZ after desensitization of the response to NPY. An important potential criticism of EFS-mediated responses is that they may arise from nonspecific "electrogenic" effects rather than from neuronal stimulation.25 27 The responses described in these reports, however, are tetrodotoxin-insensitive and mainly relaxant. Since the EFS responses we have studied are all tetrodotoxin-reversible vasocontractions, the participation of such nonspecific factors is probably minimal.
Further supporting the participation of adrenergic nerves was their visualization in the adventitia of the artery by catecholamine histofluorescence techniques and the loss of this fluorescence after chronic superior cervical ganglionectomy, a procedure that eliminated the EFS contraction. Electron micrographs suggested the presence of catecholamine-containing neurons. Nerve profiles contained predominantly small and some large dense-cored vesicles. The small vesicles, and many of the large, were chromaffin-positive and also displayed dense cores after treatment with 5-hydroxydopamine, an electron-dense false transmitter. These treatments are specific for the visualization of catecholamine-containing nerves. 23 The results are similar to descriptions of adrenergic innervation of the rabbit basilar artery. 9, 10 In spite of this evidence of adrenergic innervation obtained from diverse procedures, the EFS contraction was resistant to antagonism by adrenergic receptor blockers. It has been established that the a-adrenoceptor component of NE contraction in rabbit cerebral arteries is entirely prazosin-sensitive.28 After desensitization of the NPY response, however, adrenoceptor blockade eliminated the EFS contraction, suggesting that NPY and NE both mediate this response. The coparticipation of NE and NPY is supported by other observations of this neuroeffector system. First, the treatments used to block NE and NPY responses in our experiments were specific; that is, PBZ had no effect on NPY response, and NPY desensitization left the NE contractions unaffected. Second, the cerebral vessels of several species, including rabbits, have NPY-containing adrenergic nerves.172930 Third, the subcellular storage of NPY in rat cerebral arteries is in small granular vesicles4 and that in peripheral sympathetic nerve terminals is in large dense-cored vesicles.31, 32 We have shown that neural vesicles of rabbit cerebral arteries contain both large and small dense-cored vesicles, indicating that potential storage sites for NPY exist in these arteries. Fourth, a role for NPY in the EFS contraction is suggested by the similarity between the dynamics of the EFS contraction and the slowly developing, prolonged vasocontraction typically produced by NPY17,19,33 (see Figure 5 ). These findings lead us to propose that the EFSmediated contraction of the rabbit MCA results from the release of NE and NPY from sympathetic nerves and that each of these interacts with separate postjunctional sites to effect contraction ( Figure 8 ). We further propose that each transmitter can occupy inhibitory prejunctional sites, leading to reduced release of both transmitters. Normal transmission would produce a response reflecting the occupation of prejunctional and postjunctional sites by both substances. If one transmitter system were to be antagonized, the diminution of response from postjunctional blockade would be offset by enhanced release of the other transmitter because of blockade of inhibitory prejunctional sites. [38] [39] [40] Third, previous studies of EFS contraction in the rabbit basilar artery have shown that PBZ treatment leads to enhanced EFS contractions.9,10 This is consistent with a combined prejunctional and postjunctional effect of this adrenoceptor antagonist. And fourth, an NPY component of the EFS contraction is suggested by the experiments in which NPY desensitization caused the contraction to fall off promptly on termination of stimulus rather than to remain contracted. This is the time course expected from predominantly adrenergic transmission.
The elimination of the EFS contraction by NPY desensitization combined with PBZ (1 ,M) or prazosin (0.1 ,M) indicates that a-adrenoceptors participate in this response. a-Adrenoceptor-mediated contractions of rabbit MCA have been described19; however, their involvement in neurally mediated contractions had been previously ruled out by the ineffectiveness of adrenergic antagonists. These latter findings led to the postulation that adrenergic nerves release high concentrations of NE that interact with low-affinity NE receptors.13 Our findings demonstrate, however, that EFS contractions can be antagonized after NPY desensitization, even though responses to high concentrations of exogenous NE were extant, thus supporting the participation of a-adrenoceptors.
Comparison of MCA and MSB Responses
The dynamics of the MCA EFS contraction display several features that distinguish it from the response of ear artery MSB. First, the stimulation threshold is higher. Second, maximal force development -as percent of tissue maximum -is less than that of the MSB, and third, the time course of the response, including time of force development and decay of contraction, is much slower. Most of these differences can be explained on the basis of the structure of the neuroeffector relation and the characteristics of NE and NPY as transmitters.
The high threshold to EFS of the MCA is reflected in the frequency-response relations with the frequency threshold between 4 and 8 Hz, the stimulus train length dependency, and the presence of long latencies. These features, as well as the relatively small maximal response, may result from the combined influence of wide neuromuscular junction, relatively insensitive postjunctional membrane receptors, the corelease of a dilator transmitter, and insufficient release of transmitter.
Wide neuromuscularjunction. Wide cleft widths are a characteristic of cerebral arteries. In the basilar artery, for example, the majority of neuromuscular distances are in the range of 2-9 gm, whereas in the ear artery they are in the range of 1-3 ,tm.10 Greater junction widths would mean a greater volume of dilution of transmitter, an increased role for diffusion as a means of transmitter disposition, and possibly increased transit time for transmitter diffusion.20
Relatively insensitive postjunctional membrane receptors. This may apply more to the NE component than NPY. The MCA is over 100 times less sensitive to NE than the ear artery: NE ED50 for the MCA is 4.5x10`6 M and is 3x10`8 M for the ear artery.2428 On the other hand, the MCA, which has an ED50 of approximately 2.2 x 10-M, is much more sensitive to NPY. 34 In contrast, NPY, in concentrations up to 100 nM, causes only small contractions in the ear artery. 36 Corelease of a dilator transmitter. EFS-mediated relaxation responses in rabbit cerebral arteries have recently been described.19 EFS would be expected to activate all perivascular nerves, and a coincident relaxation would retard the onset of contraction as well as limit maximal force development.
Insufficient release oftransmitter. The MCA receives rich adrenergic innervation and can take up and release NE in quantities comparable with those in the ear artery; thus, there would appear to be sufficient transmitter release.8 Additionally, both beds contain adrenergic prejunctional inhibitory systems that reduce transmitter release41; however, transmitter uptake systems, which would reduce the amount of transmitter present, do not appear to have much impact in the MCA.
Many of the factors outlined above may also contribute to the overall slowness of the smooth muscle response. The slow time course may be due to a slow accumulation of transmitter in the neuromuscular junction, the effects of neurally derived relaxation and inhibitory influences, and, in the case of NE, the high receptor threshold. Furthermore, the response to NPY is characteristically a slowly developing contraction.17 The presence of maintained tone after termination of stimulus possibly results from continuing effects of contracting substances, the withdrawal of opposing influences, and the slow degradation of NPY by proteases.
Previous investigations of neurally mediated contractions of cerebral arteries have provided supportive evidence for the participation of nonadrenergic as well as adrenergic systems. The nonadrenergic components suggested include serotonin,14 histamine,18 ATP,15 and NPY.173w There have been no reports, however, directly demonstrating that these are primary transmitters for neurally mediated contractions. Studies of the rabbit basilar artery have suggested that serotonin and NE are not primary vasoconstrictor transmitters.9,42 Our results confirm these reports and also rule out histamine and NPY as sole mediators of the EFS contraction. The possible participation of ATP could not be pursued since we were unable to desensitize ATP-mediated contractions with a,3-methylene ATP. In other vascular systems, prolonged exposure to this P2 agonist desensitizes the ATP receptor and allows resolution of the adrenergic and purinergic components of certain nerve-mediated contractions. 16, 43 The reasons for the ineffectiveness of a,48-methylene ATP in the rabbit MCA are not clear; however, similar results have been observed in the rabbit basilar artery.44
In addition, the EFS contraction is not dependent on an intact vascular endothelium. The vascular endothelium of certain cerebral arteries has been shown to produce vasoconstrictor substances. [45] [46] [47] Our results are consistent with those of studies demonstrating that agonist-mediated vasocontractions in rabbit cerebral arteries are not reduced by endothelium removal. 48 The factors that control cerebral circulation are incompletely understood. Unlike the peripheral circulation, the sympathetic nervous system has little effect on cerebral blood flow,49 and the specific differences between the adrenergic mechanism in the different regional beds are only beginning to be understood. Our results suggest that the EFSmediated contraction of rabbit MCA is a complex response caused primarily by the release of NE and NPY from adrenergic nerves. The vascular response arising from the interaction of these agents with their postjunctional receptors is modified by prejunctional inhibitory effects and coincident relaxation transmitter mechanisms. These factors result in a response that is dynamically distinct from that of a peripheral artery.
